Glioblastoma is the most common malignant brain tumor and has a poor prognosis. Tachykinin receptor neurokinin-1 (NK1R) is a promising target in glioblastoma therapy because of its overexpression in human glioblastoma. NK1R agonists promote glioblastoma cell growth, whereas NK1R antagonists efficiently inhibit cell growth both in vitro and in vivo. However, the molecular mechanisms involved in these effects are incompletely understood. ␤-Arrestins (ARRBs) serve as scaffold proteins and adapters to mediate intracellular signal transduction. Here we show that the ARRB1-mediated signaling pathway is essential for NK1-mediated glioblastoma cell proliferation. ARRB1 knockdown significantly inhibited NK1-mediated glioblastoma cell proliferation and induced G 2 /M phase cell cycle arrest. ARRB1 knockdown cells showed remarkable down-regulation of CDC25C/CDK1/cyclin B1 activity. We also demonstrated that ARRB1 mediated prolonged phosphorylation of ERK1/2 and Akt in glioblastoma cells induced by NK1R activation. ERK1/2 and Akt phosphorylation are involved in regulating CDC25C/CDK1/cyclin B1 activity. The lack of long-term ERK1/2 and Akt activation in ARRB1 knockdown cells was at least partly responsible for the delayed cell cycle progression and proliferation. Moreover, we found that ARRB1-mediated ERK1/2 and Akt phosphorylation regulated the transcriptional activity of both NF-B and AP-1, which were involved in cyclin B1 expression. ARRB1 deficiency increased the sensitivity of glioblastoma cells to the treatment of NK1R antagonists. Taken together, our results suggest that ARRB1 plays an essential role in NK1R-mediated cell proliferation and G 2 /M transition in glioblastoma cells. Interference with ARRB1-mediated signal-ing via NK1R may have potential significance for therapeutic strategies targeting glioblastoma.
Glioblastoma, classified as a grade IV astrocytoma, is the most common malignant brain tumor worldwide (1) . The average survival of glioblastoma patients is less than 1 year when treated with current standard therapeutic strategies, including surgery, radiation, and chemotherapy (2) . The high rate of mortality is due to the glioblastoma properties of rapid proliferation, deregulated apoptosis, and ready infiltration into neighboring tissues (3, 4) . Therefore, it is critical to understand the molecular mechanisms of glioblastoma progression and develop novel strategies of treatment.
The MAS gene was the first link between G protein-coupled receptors (GPCR) 3 and cell transformation (5) . Over the years, cumulative evidence has demonstrated a link between GPCR and tumorigenesis (6, 7) . Several of them are involved in glioblastoma cell proliferation, metastasis, and glioma stem cell differentiation through initiating an array of signaling pathways, representing some promising targets in glioblastoma therapies. One such GPCR is the tachykinin receptor NK1 (8 -10) . Studies have demonstrated the overexpression of NK1R in human glioblastoma tissues and derived cell lines (11) (12) (13) . NK1R has two endogenous peptide agonists, substance P (SP) and hemokinin-1 (HK-1). These NK1R agonists promote glioblastoma cell proliferation and migration as well as cytokine secretion (10, 14 -16) , whereas the antagonists of NK1R efficiently inhibit glioma cell growth in vitro and in vivo (17, 18) . Moreover, SP exerts anti-apoptosis effects induced by drugs and antibodies through the NK1-mediated Akt pathway in various cell types (10, 19, 20) . These preclinical studies suggest NK1R as an important regulator of glioblastoma, being characterized as a potential target in glioblastoma therapy (16, 18) . However, high doses seem to be required to demonstrate the tumor-suppressive effect (21, 22) .
Classic GPCRs, including NK1R, exert their functions through the activation of the G protein-mediated cell signaling pathway to release intracellular second messengers (23) (24) (25) . ␤-Arrestins (ARRB, including ARRB1 and ARRB2) were originally known to negatively regulate GPCR signaling. Activated GPCR recruited ARRB from the cytoplasm to the cell membrane, and the receptor became desensitized and internalized, which caused the attenuation of receptor signaling. However, recent studies showed that ARRBs also function to mediate diverse cell signaling pathways independent of G protein (26, 27) . They act as scaffold proteins that bind various kinases and proteins, such as MAPK, E3 ubiquitin ligases, MDM2, and PI3K-Akt NF-B (28 -32) . NK1R can couple the G s or G q protein to transduce signaling events as a result of rapid cellular responses to agonist treatment (23) . Besides its role in NK1R desensitization and sequestration, studies showed that ARRB also functions as a signal transducer, changing the spatiotemporal distribution of NK1R-mediated signaling pathways. This was first implied by a chimeric NK1R-ARRB1 fusion protein that caused robust constitutive activation of ERK1/2 independent of PKC activity (33) . DeFea et al. (34) reported that SP stimulates the formation of a scaffolding complex comprising internalized NK1R, ARRB, Src, and ERK1/2 in rat kidney epithelial cells and that the formation of the ARRB-containing complex facilitates the proliferative and antiapoptotic effects of SP.
Malignant tumor cells benefit from GPCR signaling to proliferate, undergo anti-apoptosis, and invade into surrounding tissues (35) (36) (37) . ARRBs facilitate these processes by mediating the activation of ERK1/2 and PI3K/Akt signaling pathways, which are well characterized regarding their roles in tumor development (27, 38) . For example, in non-small-cell lung cancer, ARRB1 was shown to regulate nicotine-induced epithelial cell proliferation by activating the ERK1/2 and Rb-Raf-1pathways, subsequently causing the recruitment of E2F1, Rb, and Raf-1 to E2F-responsive proliferative promoters (39, 40) . ARRB2 was shown to mediate the anti-apoptotic effect of the angiotensin II type 1A (AT1A) receptor through the ERK/ p90RSK and PI3K/AKT pathways, which converge to inactivate the pro-apoptotic protein Bcl-2-associated death promoter (BAD) (41) . However, in granule neuron precursors, the sonic hedgehog (Shh)-mediated signaling pathway negatively regulates its mitogenic potential through ARRB1 by enhancing the cyclin-dependent kinase (CDK) inhibitor p27 (42) . In glioblastoma cells, NK1R stimulation can promote DNA synthesis and cell proliferation by inducing the phosphorylation of Akt and ERK1/2 (43). Mandell et al. (44) described a correlation between grade II and III glioblastoma and ARRB1 phosphorylation at Ser 412 . However, whether ARRB regulated NK1-induced signaling and what role it played in NK1-mediated glioblastoma cell proliferation remained unknown. In this study, we show that the ARRB1-mediated signaling pathway is essential for NK1-induced glioblastoma cell proliferation and G 2 /M transition in the cell cycle.
Results

ARRB1 mediates NK1R signaling in human glioblastoma cells
The distribution of NK1R has been demonstrated in human glioblastoma tissues by several studies (11) (12) (13) . ARRB1/2 are important signal transducers of NK1R (33, 34, 45) . However, the role of ARRB1/2 in NK1R signaling in human glioblastoma is unclear. We detected ARRB1/2 protein by Western blot in human glioblastoma samples (grade III/IV) and human glioblastoma cells (U251 and U87). All eight glioblastoma samples expressed full-length NK1R (ϳ48 kDa), six of them at a high level. It was interesting that all detected samples showed a high level of ARRB1 and a low level of ARRB2 ( Fig. 1A ). Both U251 and U87 cells expressed high levels of full-length NK1R and ARRB1, but only U251 expressed significant ARRB2 (Fig. 1B) . These results encouraged us to investigate the possible role of NK1R and ARRBs in human glioblastoma progression.
We generated stable cell lines expressing specific shRNA against ARRB1 or ARRB2 (U251-ARRB1-sh1/sh2, U251-ARRB2-sh1/sh2, and U87-ARRB1-sh1/sh2). Cells stably transfected with a scramble shRNA construct (U251-sh-c) were used as a control. The shRNA constructs efficiently reduced the expression of the target protein in U251 (Fig. 2 , A-D) and U87 cells (Fig. 2 , E and F). First we examined the role of ARRB1and ARRB2 in NK1-mediated signaling in glioblastoma cells. We compared ERK1/2 and Akt phosphorylation in U251-ARRB1-sh1, U251-ARRB2-sh1, and U251-sh-c cells. With the treatment of hHK-1, ERK1/2 phosphorylation in U251-sh-c cells rapidly reached a peak at 5-10 min and then decreased. After 90 min, ERK1/2 phosphorylation reached a second peak and lasted until 150 min. U73122 is a phospholipase C inhibitor and inhibits hHK-1-induced rapid ERK1/2 and Akt phosphorylation in U251 cells (15) . When U251-sh-c cells were pretreated with U73122, ERK phosphorylation at 5-10 min was inhibited but remained strong at 90 -150 min. On the other hand, when ARRB1 expression was knocked down (U251-ARRB1-sh1/sh2), hHK-1 still induced rapid ERK1/2 phosphorylation at 5-10 min but not the second peak ( Fig. 3A) .
Similarly, the kinetic of Akt phosphorylation was detected. hHK-1 rapidly provoked significant Akt phosphorylation and sustained it as long as 150 min in U251-sh-c cells. Treatment with U73122 in U251-sh-c cells inhibited the rapid Akt phosphorylation induced by hHK-1. In ARRB1 knockdown cells, Akt phosphorylation occurred at 5 min but reduced rapidly after 15 min ( Fig. 3B ).
When ARRB1 knockdown cells were treated with U73122, no ERK1/2 or Akt phosphorylation was detected. Deficiency of ARRB2 (U251-ARRB2-sh1) had little effect on hHK-1-induced ERK and Akt phosphorylation ( Fig. 3, A and B) . Taken together, these results suggest that, in glioblastoma cells, G q and ARRB1 mediate the activation of ERK1/2 and Akt induced by NK1R in a very different way. G q -dependent activity occurred rapidly and was maintained for a short time, whereas ARRB1-dependent activity was responsible for the slow and prolonged activation of ERK1/2 and Akt. . The phospholipase C inhibitor U73122 (10 M) inhibited hHK-1-stimulated ERK1/2 phosphorylation at 5-10 min, whereas ARRB1 shRNA inhibited ERK1/2 phosphorylation after 60 min. Treatment of U73122 and ARRB1 shRNA in combination totally inhibited hHK-1stimulated ERK1/2 phosphorylation. ARRB2 shRNA had little effect on hHK-1-stimulated ERK1/2 phosphorylation. Total ERK1/2 served as a control (anti-ERK1/2, 1:1000). B, hHK-1 stimulated time-dependent phosphorylation of Akt (anti-pAkt, 1:1000). U73122 inhibited hHK-1-stimulated Akt phosphorylation at 5-10 min, whereas ARRB1 shRNA inhibited Akt phosphorylation after 60 min. Treatment of U73122 and ARRB1 shRNA in combination totally inhibited hHK-1-stimulated Akt phosphorylation. ARRB2 shRNA had little effect on hHK-1-stimulated Akt phosphorylation. Total Akt served as a control (anti-Akt, 1:1000). Densitometry of phosphorylated ERK1/2 and Akt level was calculated by Quantity One software (corrected with total ERK1/2 or Akt). Using untreated cells as 1.0, the data are presented as means Ϯ S.E. for three independent experiments.
ARRB1 modulates glioma cell proliferation in response to NK1R activation
NK1R has been shown to promote glioma cell proliferation. We investigated the role of ARRB1 in this process. The ARRB1 gene was targeted by two independent shRNA constructs to avoid possible off-target effects in U251 and U87 cells ( Fig. 2, A,  B , E, and F). In a colony formation assay, hHK-1 stimulated the proliferation of U251 and U87 cells transfected with scramble shRNA constructs (U251-sh-c and U87-sh-c) dose-dependently. ARRB1 knockdown in U251 and U87 cells significantly inhibited hHK-1-induced cell proliferation ( Fig. 4A ). To support the data of the colony formation assay, a CellTiter-Glo assay was performed, and the cell growth curve was measured.
The results showed that hHK-1-induced glioma cell proliferation was dose-and time-dependent and suppressed by ARRB1 knockdown (Fig. 4 , B and C). These results demonstrate a critical role of ARRB1 in NK1-mediated glioma cell proliferation, and this role is not cell line-dependent.
ARRB1 knockdown induced G 2 /M phase arrest and downregulation of cyclin B1, CDC25C, and CDK1 in glioblastoma cells
ARRB1 knockdown significantly reduced glioblastoma cell proliferation mediated by NK1R stimulation. We compared cell cycle progression in scramble or ARRB1 shRNA-transfected glioblastoma cells. Cells were treated with hHK-1 for 48 h and 
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stained with PI for FACS analysis to determine the cell cycle ( Fig. 5, A and B) . The percentage of cells at G 2 /M phase was 8.4% in U251-sh-c, 21.4% in U251-ARRB1-sh1 (p Ͻ 0.05 versus U251-sh-c), and 19.4% in U251-ARRB1-sh2 (p Ͻ 0.05 versus U251-sh-c). Similarly, the percentage of cells at G 2 /M phase was 14.1% in U87-sh-c, 30.7% in U87-ARRB1-sh1 (p Ͻ 0.001 versus U87-sh-c), and 36.2% in U87-ARRB1-sh2 (p Ͻ 0.001 versus U87-sh-c). The CDK1-cyclin B1 complex is the primary regulator of G 2 /M transition in the cell cycle (46) . We further examined cyclin B1 and CDK1 levels in wild-type and ARRB1 knockdown glioblastoma cells synchronized by double thymidine block. In ARRB1 knockdown U251 or U87 cells, the cyclin B1 protein level was significantly decreased, whereas the phosphorylation of CDK1 at the Tyr 15 residue (an inactive form of CDK1) increased remarkably. CDC25C was responsible for CDK1 activation via dephosphorylation at Tyr 15 (47) . A Western blot assay showed that CDC25C remained phosphorylated at Ser 216 (an inactive form of CDC25C) in ARRB1 knockdown glioblastoma cells ( Fig. 5 , C and D). These results together suggest that ARRB1 knockdown induces G 2 /M phase arrest in glioma cells treated with hHK-1, down-regulating the cyclin B1 protein level as well as the activity of CDC25C and CDK1. These data are consistent with the decreased cell growth rate shown in Fig. 4 .
ARRB1 regulates cyclin B1 and CDK1 via NK1-mediated ERK1/2 and Akt signaling
ERK1/2 and Akt play important roles in regulating the cell cycle (48, 49) . Because ARRB1 was demonstrated to mediate the prolonged phosphorylation of ERK1/2 and Akt induced by NK1 activation, we examined whether ERK1/2 and Akt phosphorylation is involved in G 2 /M arrest as well as down-regulation of CDC25C/CDK1/cyclin B1 activity in ARRB1 knockdown glioblastoma cells ( Fig. 5 ). We used the MEK inhibitor PD98059 and the PI3K inhibitor LY294002, which efficiently suppressed the phosphorylation of ERK1/2 or Akt induced by NK1 activation in U251 and U87 cells, respectively (15) . hHK-1 promoted U251 and U87 cell proliferation by ϳ30% after an incubation of 72 h. When PD98059 (50 M) or LY294002 (50 M) was added, the proliferative effect was subdued ( Fig. 6A ). FACS analysis showed that the cell cycle was arrested at G 2 /M phase (Fig. 6, B and C) . Additionally, the cyclin B1 protein level was significantly reduced, and pCDC25C(Ser 216 ) and pCDK1(Tyr 15 ) were notably increased ( Fig. 6, D and E) . These results indicate that ERK1/2 and Akt phosphorylation are involved in the regulation of CDC25C/CDK1/cyclin B1 activity. Because ARRB1 prolonged ERK1/2 and Akt phosphorylation induced by NK1R activation in glioblastoma cells, we suppose that the lack of long-term ERK1/2 and Akt activation is at least partly responsible for the down-regulation of cyclin B1 expression and CDC25C and CDK1 activity as well as G 2 /M arrest in ARRB1 knockdown glioblastoma cells.
NF-B and AP-1 are involved in ARRB1-regulated cyclin B1 expression
The cyclin B1 level is periodic during the cell cycle, and the degradation is under the control of ubiquitin-mediated proteolysis. Bortezomib is a specific inhibitor of the proteasome that was shown to stabilize mitotic cyclins and prevent cell cycle progression (50) . Treatment with bortezomib did not rescue the cyclin B1 protein level in U251-ARRB1-sh1, implying that the reduction of cyclin B1 may not be through the proteasomemediated protein degradation pathway ( Fig. 7A ). Several transcription factors, including NF-B and AP-1, have been shown to enhance the transcription of cyclin B1. hHK-1 induced p65 and c-Jun phosphorylation in U251 cells, and ARRB1 knockdown significantly suppressed this effect (Fig. 7, B and C) . Similarly, in a reporter gene assay, hHK-1 increased the luciferase activity driven by NF-B and AP-1, and this effect was remarkably reduced in ARRB1 knockdown cells (Fig. 7, D and E) . Then we asked whether NF-B and AP-1 were involved in the reduction of cyclin B1 expression in ARRB1 knockdown cells. CAPE and pyrrolidine dithiocarbamate (PDTC) are inhibitors of NF-B. Curcumin and tanshinone IIA are inhibitors of AP-1. The cyclin B1 protein level significantly decreased in U251 cells treated with NF-B and AP-1 inhibitor (Fig. 7F ). Furthermore, NK1-mediated U251 cell proliferation was inhibited, and the cell cycle arrested at G 2 /M phase ( Fig. 7 , G-I). These results suggest that NF-B and AP-1 play a part in regulating cyclin B1 expression. It was shown that NF-B and AP-1 activation induced by hHK-1 is inhibited by PD98059 and LY294002 ( Fig.  7D ). Taking these results together, we suppose that ARRB1mediated ERK1/2 and Akt phosphorylation regulate the transcriptional activity of NF-B and AP-1, which are involved in cyclin B1 expression along with the G 2 /M transition in glioma cells.
Knockdown of ARRB1 increases the sensitivity of glioblastoma cells to NK1 antagonist treatment and cell apoptosis
NK1 receptor agonists promote glioblastoma cell proliferation, whereas NK1 antagonists inhibit tumor cell proliferation in vitro and in vivo (10, 17, 18) . Because ARRB1 knockdown reduced NK1-mediated glioblastoma cell proliferation, we examined the effect of ARRB1 knockdown on the antiproliferative activity of NK1 antagonists. Two NK1 receptor antagonists, L732138 and SPA, were used (51) . Both antagonists dosedependently reduced the surviving fraction of WT glioblastoma cells transfected with scramble shRNA. Accordingly, the surviving fraction was markedly reduced, and the IC 50 values were significantly lowered in ARRB1 knockdown cells ( Fig. 8A ). Antagonists of NK1 treatment blocked the glioblastoma cell cycle at G 2 /M phase, and this effect was greatly enhanced in ARRB1 knockdown cells (Fig. 8, B and C) . Consistent with this, TUNEL staining showed that ARRB1 knockdown aggravated cell apoptosis induced by L732138 and SPA (Fig. 8, D and E) . These data suggest that the absence of ARRB1 increases the sensitivity of glioblastoma cells and cell apoptosis to treatment with NK1 antagonists.
Discussion
NK1R has been closely associated with human glioblastoma because of the elevated expression level in tumor tissues (11) (12) (13) . Together with endogenous peptide agonists, NK1R exerts oncogenic activity by promoting glioblastoma DNA synthesis and cell proliferation (43) . Moreover, we reported previously that NK1 reactivation stimulates glioblastoma cell migration by ARRB1 regulates glioblastoma cell proliferation increasing MMP-2 and MT1-MMP levels (15) . In support of a crucial role of NK1R in glioblastoma progression, studies have demonstrated that the NK1-mediated ERK1/2 and Akt signaling pathways are involved in providing these survival benefits (14) . However, our knowledge about the mechanism for these effects is still inadequate. In this study, we show for the first time that ARRB1 contributes to NK1R-mediated human glioblastoma progression by regulating cell cycle G 2 /M phase as well as cell proliferation. Our data demonstrate that G q and ARRB1 mediate ERK1/2 and Akt signaling by NK1R activation in glioblastoma cells. G q -dependent signaling occurred rapidly and was maintained for a short time, whereas ARRB1-dependent signaling was slow and prolonged. ARRB1 knockdown suppressed NK1R-mediated glioblastoma cell proliferation and increased cell apoptosis caused by NK1R antagonist treatment. The ARRB1-mediated NK1-signaling pathway regulated cyclin B1 expression and CDC25C and CDK1 activity. Lack of ARRB1 induced glioblastoma cell cycle arrest at G 2 /M phase.
ARRB1 was originally reported to modulate GPCR desensitization and internalization for uncoupling GPCR-mediated G protein signaling. More recent studies show that ARRB1 also serves as scaffolding protein to transduce the G protein-independent signaling pathway (26, 27) . Previously, ARRB was shown to form a signalosome with NK1R, Src, and ERK1/2 to provide ARRB-dependent ERK1/2 signaling in the transfected cell lines HEK293-NK1 and KNRK-NK1 (34) . In glioblastoma cells, NK1R-mediated signaling pathways have been described, including MAPK and Akt phosphorylation (15) . However, little was known about the role of ARRBs in NK1-mediated signaling pathways in glioblastoma cells. In this study, we show for the first time that, in glioblastoma cells, G q and ARRB1 mediate ERK1/2 and Akt signaling by ligand-activated NK1R in temporally distinct fashions: the G q -dependent pathway is immediate and transient, and the ARRB1-dependent pathway is slow but much more persistent (Fig. 3) . The samples and cell lines in this study showed low levels of ARRB2 expression, except U251 ( Fig. 1) . Although the protein level of ARRB1 and ARRB2 was comparable in U251 cells, ARRB2 knockdown seemed to have little effect on NK1-mediated signaling pathways (Fig. 3) .
The ERK1/2 and Akt pathways have been related to the prosurvival effect of NK1R in previous studies. Considering the role of ARRB1 in NK1-mediated ERK1/2 and Akt signaling, we further investigated the role of ARRB1 in NK1-mediated glioblastoma cell proliferation. ARRB1 promotes cell growth by facilitating receptor-mediated tumor cell signaling, such as prostaglandin E2, GLP-1, and nicotine receptor (39, 52, 53) . In this study, the expression of ARRB1 was knocked down by a stably transfected ARRB1-specific shRNA construct in U251 and U87 glioblastoma cells. As shown in Fig. 4 , the data of the CellTiter-Glo assay, colony formation, and cell growth curve measurement supported that ARRB1 knockdown significantly delayed the glioblastoma cell proliferation induced by hHK-1 treatment. Interestingly, cell cycle analysis showed that ARRB1 knockdown caused glioblastoma cell arrest at G 2 phase. In line with the observations, the cyclin B1 protein level was significantly decreased, whereas phosphorylated CDK1 at Tyr 15 and phosphorylated CDC25C at Ser 216 were notably increased in ARRB1 knockdown U251 cells (Fig. 5, C and D) . Actually, only a few reports are about the correlation between ARRB1 and cell cycle progression. Girnita et al. (29) reported that ARRB1 plays a critical role in IGF-1R induced cell growth by mediating ERK1/2 signaling and that ARRB1 knockdown caused G 1 phase accumulation in the cell cycle similar to ERK inhibitor treatment . However, in granule neuron precursors, the sonic hedgehog-mediated signaling pathway negatively regulated its mitogenic potential through ARRB1 by enhancing the CDK inhibitor p27, which eventually drives cell cycle exit (42) . Here we show for the first time that ARRB1 regulates cyclinB1/ CDC25C/CDK1 activity as well asG 2 /M transition in glioblastoma cells through ERK1/2 and Akt signaling. Therefore, the role of ARRB1 in cell cycle regulation could be cell type-dependent. The complex of cyclin B1 and CDK1 phosphorylates hundreds of substrate proteins to promote G 2 /M transition (46) . Cyclin B1/CDK1 deregulation is forcefully associated with malignant transformation (54 -56) . Cyclin B1 or CDK1 depletion inhibits cell proliferation by inducing G 2 /M arrest and apoptosis in human tumor cells (54) . CDK1 activity is regulated by CDC25C phosphatase, which activates CDK1 by dephosphorylation at Thr 14 and Tyr 15 (47) . Our results show for the first time that ARRB1 knockdown reduces cyclin B1 expression as well as the activity of CDC25C and CDK1 in glioblastoma cells.
Deregulated signaling of ERK1/2 and Akt has been shown to promote tumor cell proliferation and survival (14, 41, 57) . We examined the correlation of ARRB1 deficiency-induced cell cycle arrest with the ERK1/2 and Akt signaling pathway. It was demonstrated that PD98059 and LY294002 treatment abolished hHK-1-induced glioblastoma cell proliferation, arresting cells at G 2 /M phase (Fig. 6, A-C) . In parallel, the cyclin B1 protein level was reduced, CDC25C remained phosphorylated at Ser 216 , and dephosphorylation of CDK1 at Tyr 15 was markedly postponed (Fig. 6, D and E) . Actually, the role of ERK1/2 and Akt signaling in cell cycle regulation has been studied (48, 49) . ERK1/2 loss in epithelial cells reduces cyclin B1 expression and induces G 2 /M arrest while disrupting a gene regulatory network centered on the cyclin B1-CDK1 complex (58) . ERK1/2 phosphorylates two of the four phosphorylation sites of the cytoplasmic retention sequence of cyclin B1 that are necessary for nuclear localization of cyclin B1 and mitosis progression (59) . Either PI3K inhibitors or the absence of Akt protein in cells was shown to induce a delay in G 2 /M transition, which can be rescued by overexpressing Akt (60) . Here ARRB1 knockdown was shown to reduce the sustained activation of ERK1/2 and Akt by NK1 stimulation in glioblastoma cells. ERK1/2 and Akt inhibition caused down-regulation of CDC25C/CDK1/cyclin B1 along with a G 2 /M arrest similar to ARRB1 reduction. These results suggest that the impaired longevity and duration of ERK1/2 and Akt activation in ARRB1 knockdown cells is at least partly responsible for the delayed cell cycle and cell proliferation.
The NF-B and AP-1 signaling pathway regulates cyclin B1 expression, which is key to the control of G 2 /M transition (61, 62) . Both the NF-B and AP-1 binding sites have been identi- fied in the cyclin B1 promoter region (62, 63) . NF-B-dependent transcription is necessary for G 2 /M progression (64) . The AP-1 inhibitor curcumin preferentially arrested cells in G 2 /M phase of the cell cycle (65) . Previously, we reported that the NK1 receptor mediated the activation of NF-B and AP-1 through MAPK and Akt signaling in glioblastoma cells (15) . We show here that ARRB1 knockdown significantly suppresses hHK-1-induced p65 and c-Jun phosphorylation in U251 cells (Fig. 7) . In a reporter gene assay, hHK-1 increased the luciferase activity driven by NF-B and AP-1, and this effect was remarkably reduced in ARRB1 knockdown cells. Then we asked whether NF-B and AP-1 were involved in the reduction of cyclin B1 expression. Treatment with NF-B and AP-1 inhibitors significantly inhibited NK1-mediated U251 cell proliferation and caused a cell cycle arrest in G 2 /M phase. Moreover, the protein level of cyclin B1 decreased (Fig. 7) . These results suggest that NF-B and AP-1 activation are involved in regulating cyclin B1 expression. hHK-1-induced NF-B and AP-1 activation was inhibited by PD98059 and LY294002 in U251-sh-c cells (Fig. 7D ). Taking these results together, we consider that ARRB1-mediated ERK1/2 and Akt phosphorylation regulates the transcriptional activity of NF-B and AP-1 as well as cyclin B1 expression in glioblastoma cells.
The agonists of NK1R play a protective role in cell apoptosis and the tissue damage process through ERK1/2 and Akt activation (10, 19, 20) . NK1 antagonists showed anti-tumor activity in both in vitro and in vivo models (17, 18) . Here we show that NK1 antagonist treatment (L732138 and SPA) induced glioblastoma cell apoptosis and inhibited cell proliferation. The effects were potentiated in ARRB1 knockdown cells (Fig. 8) . These data show that ARRB1 knockdown enhanced the sensitivity of glioblastoma cells to treatment with NK1 antagonists by aggravating cell apoptosis and G 2 /M phase arrest. Although NK1R has been suggested as a potential target for glioblastoma therapy, some preclinical studies showed that higher doses of NK1R antagonist seemed to be required for the tumor-suppressive effect. Aprepitant is a Food and Drug Administration-approved NK1R antagonist used in the clinic to prevent chemotherapy-induced nausea and vomiting. How the ARRB1 expression level influences the antitumor effect of such drugs in glioblastoma patients deserves further clinical study.
In summary, we demonstrated in this study that the ARRB1mediated ERK1/2 and Akt signaling pathway, in response to NK1R activation, plays an important role in regulating G 2 /M phase transition and cell proliferation in glioblastoma cells. The results afford a new perspective to understand the molecular mechanism underlying NK1-stimulated glioblastoma cell proliferation. This may be of particular significance in NK1-mediated glioblastoma development. Our data also show that a lower ARRB1 protein level improves the ability of NK1 antagonists to inhibit glioblastoma cell proliferation. Thus, inhibition of NK1-ARRB1-mediated signaling is important for the glioblastoma therapeutic strategy of targeting the NK1 receptor.
Experimental procedures
Reagents and antibodies
DMEM and FBS were from Invitrogen. PD98059, LY294002, the CellTiter-Glo reagent, and the luciferase assay system were from Promega (Madison, WI). The protease inhibitor mixture and phosphatase inhibitor mixtures were from Roche Applied Science. U73122, propidium iodide (PI), and L-732138 were from Sigma-Aldrich (St. Louis, MO). Curcumin, tanshinone IIA, and caffeic acid phenethyl ester (CAPE) were from Sangon (Shanghai, China).
The antibodies against phospho-ERK1/2 (4370, 1:2000), ERK1/2 (4695, 1:2000), pAkt (4060, 1:1000), phospho-p65 (3033, 1:1000), phospho-c-JUN (3270, 1:1000), pCDK1 (9111, 1:1000), pCDC25C (4901, 1:1000), ARRB2 (3857, 1:1000), and cyclin B1 (4135, 1:2000) were purchased from Cell Signaling Technology Inc. (Danvers, MA). The antibodies against ARRB1 (ab32099, 1:1000) and NK1R (ab183713, 1:2000) were from Abcam (Cambridge, UK). The antibodies against AKT (AA326, 1:1000), HRP-conjugated goat anti-rabbit antibodies (A0208, 1:1000), and HRP-conjugated goat anti-mouse antibodies (A0216, 1:1000) were from Beyotime (Jiangsu, China). The antibody against Cyclin B1 was mouse monoclonal, and all other antibodies were rabbit monoclonal. All antibodies were characterized before immunoblotting studies by serial dilutions to determine optimal conditions and negative controls to ensure specificity.
QPCR primers, RNA isoPlus, and real-time quantitative PCR reagents were from Takara Biotechnology (Dalian, China). The ECL detection system and BCA protein assay kit were from Pierce. Bortezomib was from Selleck (Shanghai, China).
Human HK1 (TGKASQFFGLM-NH 2 ) and [D-Arg 1 , D-Trp 5,7,9 , Leu 11 ]substance P (SPA) were synthesized using the Fmoc (N-(9-fluorenyl)methoxycarbonyl) method on a solidphase peptide synthesis system and purified by HPLC as described previously (15) . The identity of the peptide was confirmed using electrospray ionization (ESI)-TOF mass spectrometry. Peptides were determined to beϾ95% pure by reverse-phase high-performance liquid chromatography using a C18 column as the solid phase and an H 2 O/acetonitrile gradient as the solution phase.
Cell culture and human tissue samples
U251 MG, U87 MG, and HEK293T cells were from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and maintained in DMEM supplemented with 10% FBS and antibiotics (100 units/ml penicillin, 100 g/ml streptomycin). All cells were cultured in a humidified atmosphere of CO 2 /air (5:95%) at 37°C. All human tissues were collected from the Department of Neurosurgery, Second Affiliated Hospital of Lanzhou University. Approval for this study was obtained from the ethics committee of the Second Affiliated of Hospital of Lanzhou University. The samples included eight World Health Organization grade III-IV tumors. Written informed consent was obtained from all subjects prior to their participation in this study. Freshly resected tissue samples were immediately frozen in liquid nitrogen. For each sample, at least one slice was stained with hematoxylin and eosin to control the percentage of tumor cells. Only samples with a histologically estimated tumor cell content of 70% or more were used for subsequent experiments.
shRNA-mediated gene suppression
Knockdown of ARRB1 or ARRBB2 expression in U251 and U87 cells was performed by stable transfection of an shRNA construct in the lentiviral pLVX-shRNA1 vector. For lentiviral production, 293T cells were seeded in a 10-cm dish with 30% confluence and co-transfected with 7 g of plasmid, 36 l of Lenti-X HTX packaging mix, and 7.5 l of Xfect polymer by using the Lenti-X HTX packaging system (Clontech) for 12 h. The transfection medium was then removed, and 10 ml of fresh basis medium was added. The virus was collected 48 h after adding the fresh medium. The virus-containing medium was centrifuged at 500 ϫ g for 10 min and passed through a sterile 0.45-m filter.
For stable cell line selection, cells were infected with lentivirus for 24 h and further selected with puromycin (0.5 g/ml) for 2 weeks. Then the mRNA and protein expression of ARRB1 and ARRB2 in the infected cells was validated by QPCR and Western blot assays. A scramble shRNA (sh-c) was used as a control (Origene). Oligonucleotides encoding hairpin precursors were as follows: ARRB1-sh1 (5Ј-AAGGAAGAGGCTGATGA-CACTGTGGCACC-3Ј), ARRB1-sh2 (5Ј-AAGGCTTGCGGT-GTGGACTATGAAGTCAA-3Ј), ARRB2-sh1 (5Ј-AAGGA-ACTCTGTGCGGCTGGTGATCCGAA-3Ј), ARRB2-sh2 (5Ј-CACACGCCACTTCCTCATGTCTGACCGGT-3Ј), and sh-c, (5Ј-GCACTACCAGAGCTAACTCAGATAGTACT-3Ј). All experiments were performed in stably transfected cells if not specified otherwise.
Quantitative PCR analysis
Total RNA was isolated using RNA isoPlus according to the instructions of the manufacturer. First-strand cDNA was synthesized from 1 g of RNA using PrimeScript RT reagent. QPCR was performed using SYBR Premix Ex TaqII reagent according to the instructions of the manufacturer and analyzed on an Applied real-time system (Agilent, MX3005P). The PCR reaction was performed as follows: 1 min at 95°C, 20 s at 60°C, 40 cycles of 5 s at 95°C, followed by 20 s at 60°C. ␤-Actin was used as internal control to normalize mRNA expression. Sh-ctransfected cells were defined as 1.0 to determine the -foldchange in the expression levels. Each QPCR analysis was performed three times in triplicate. The QPCR primer sequences for ARRB1, ARRB2, and ␤-actin were as follows: ␤-actin, 5Ј-AGCGAGCATCCCCCAAAGTT-3Ј and 5Ј-GGGCACG-AAGGCTCATCATT-3Ј; ARRB1, 5Ј-TGGAGAACCCAT-CAGCGTCAAC-3Ј and 5Ј-AGGCAGATGTCTGCATAC-TGGC-3Ј; and ARRB2, 5Ј-CTGACTACCTGAAGGACC-GCAA-3Ј and 5Ј-GTGGCGATGAACAGGTCTTTGC-3Ј.
Cell lysate preparation and Western blots
Cells were seeded into 12-well plates at a density of 300,000/ well and grown for 24 h. To detect ERK1/2 and Akt phosphorylation, cells were treated with 1 M hHK-1 at 37°C for the indicated times after starvation in serum-free DMEM for 4 h. Subsequently, the cells were washed three times with ice-cold PBS. Cell lysates were prepared by adding 75 l of radioimmune precipitation assay buffer supplemented with proteinase and phosphatase inhibitors. The lysates were then centrifuged at 20,000 ϫ g for 10 min at 4°C. The supernatant was collected, and the protein concentration was determined using a BCA protein assay kit. Equal amounts of protein were separated by 10% polyacrylamide gel, transferred to a PVDF membrane, and blocked in 5% nonfat milk in TBST for 2 h. The membranes were probed with the specific primary antibodies overnight at 4°C, followed by incubation with HRP-conjugated secondary antibodies for 2 h at room temperature. Finally, the target proteins were detected with an enhanced chemiluminescence detection system and visualized by Kodak film.
Cell proliferation assay
Cell proliferation was measured by CellTiter-Glo luminescence assay according to the instructions of the manufacturer.
To determine the effect hHK-1 on glioma cell proliferation, cells were seeded in a 96-well plate at a density of 1000 cells/well and starved in serum-free DMEM for 4 h. Cells were treated with hHK-1 at the indicated dosage and time. To determine the effect of NK1 antagonists on glioma cell proliferation, cells were seeded in 96-well plates at a density of 10,000 cells/well. Cells were treated with L732138 or SPA for 72 h. 100 l of CellTiter-Glo substrate was added and incubated for 10 min. Luminescence was recorded on a FlexStation III plate reader. The experiments were repeated at least three times with five replicates. Untreated cells (U251-sh-c or U87-sh-c) were defined as 1.0. Cell proliferation was expressed as -fold induction relative to the untreated control.
Colony formation assay
Glioma cells were seeded in a 6-well plate at a density of 500 cells/well and treated with hHK-1. After an incubation of 2 weeks, cells were washed with PBS, fixed with 90% ethanol for 30 min, and stained with crystal violet solution for 30 min. The dishes were photographed, and total colony numbers were counted under a microscope. Colonies with Ͼ50 cells were scored. Control shRNA-transfected cells were used to evaluate the colony formation efficiency.
Luciferase reporter assays for NF-B and AP-1 activity
The luciferase reporter gene assay was measured as described previously (15) . Briefly, cells were transfected with the reporter plasmid pNF-B-luc or pAP-1-luc with Lipofectamine 2000 following the instructions of the manufacturer. 6 h later, the transfected cells were trypsinized and seeded in a 96-well plate at a density of 30,000 and cultured for another 24 h. Then the cells were exposed to 1 M hHK-1 for 8 h at 37°C. Untreated cells were used as a control. For the inhibitory assays, the cells were pretreated with different inhibitors for 30 min, followed by treatment with 1 M hHK-1. Luciferase activities were measured using a luciferase assay system. The untreated control was defined as 1.0. The luciferase activity was expressed as -fold induction relative to the untreated control.
Cell synchronization and cell cycle assay
Cells were synchronized by double thymidine block. Briefly, cells were plated and treated with 2 mM thymidine for 16 h. Then cells were washed with PBS twice to remove thymidine and cultured for 8 h. Thymidine was resupplemented and incubated for another 16 h. Cells were synchronized at the G 1 /S boundary, released, and subsequently collected for the indicated time points.
Cells were treated with hHK-1 or chemical inhibitors as indicated. 10 6 cells were harvested, washed three times with PBS, and fixed in 70% ethanol at 4°C overnight. The fixed cells were incubated with 100 g/ml RNase for 30 min at 37°C and stained with PI (50 g/ml) in the dark for 30 min at 4°C. Labeled cells were analyzed with FACSCalibur (BD Biosciences). 10 5 cells were analyzed for each sample, and every experiment was repeated at least three times. The DNA content and cell cycle were analyzed using Modfit LT version 3.0 software.
TUNEL assay
The TUNEL assay was carried out using a One Step TUNEL apoptosis assay kit according to the instructions of the manufacturer. Briefly, after 72-h treatment with SPA or L732138, the cells were fixed by 4% paraformaldehyde. The fixed cells were washed in PBS, permeabilized with 0.1% Triton X-100 for 2 min on ice, and then incubated with 50 l of TUNEL solution for 60 min at 37°C in a humidified chamber in the dark. The positively stained cells were counted under a fluorescence microscope in five random fields, and the average numbers were considered the apoptotic index.
Data analysis
GraphPad Prism 5.01 software was used to perform curvefitting and statistical analysis. Statistical significance between two or more groups was calculated by one-way ANOVA followed by Tukey's post test.
